In this paper, experimental study was undertaken to investigate the effect of excitation frequency of a synthetic jet on the generation of a longitudinal vortex produced by the interaction between a jet and a crossflow in a wind tunnel. A synthetic jet device is a tool for generating a jet, and a synthetic jet actuator is a useful tool for active flow control. For separation control, it is necessary to clarify the periodic behavior of a synthetic jet. A smoke flow visualization was used to reveal the characteristics of the vortical structures produced by the synthetic jet, and averaged vortical fields were also measured by using hot-wire anemometry during the entire cycle of issuing the synthetic jet. For f = 60 Hz, the vortex rings were advected away from an orifice and was deformed. The position where the vortex ring broke down agreed with the position where the half-width of the jet velocity significantly increased. For f = 200 Hz, the vortex rings showed wavy movements in the azimuthal direction, and therefore jet velocity profiles did not have a sharp peak in the near field of the orifice exit. A significant difference was observed in the flow field for the synthetic jet issuing into the crossflow for f = 60 and 200 Hz. Longitudinal vortices were observed for f = 60 Hz but not for f = 200 Hz. The generation of longitudinal vortices was affected by the excitation frequency of the synthetic jet.
Introduction
A synthetic jet actuator is considered as a promising candidate for flow control applications because of its compact nature and ability to generate momentum without the need for fluidic plumbing [1] . Longitudinal (streamwise) vortices prevent effectively flow separation because the fluid particles which have large energy of a crossflow are supplied to decelerated fluid particles in a boundary layer by the secondary flow of longitudinal vortices. Synthetic jets issuing into a crossflow can generate longitudinal vortices, and synthetic jet actuators are considered as promising tools for delivering flow control for aircraft applications because of their ability to inject momentum into an external flow without net mass flux [2, 3] . A synthetic jet is a type of pulsatile jet of air generated a few diameters away from the orifice of a synthetic jet actuator [4] . Actuation involves forcing an oscillatory airflow through an orifice of a cavity by using a driven flexible wall. A common method of generating a synthetic jet employs a cavity-diaphragm setup that consists of a sealed cavity having a flexible vibrating diaphragm on one end and an orifice on the other [5] . A synthetic jet device generates jets by vibrating the diaphragm of a speaker or a piezoelectric actuator by using a method of suction and blowing [6, 7] . A synthetic jet is created from the ambient fluid by impressing an oscillating pressure gradient across an orifice. The jet is synthesized by a two-phase cycle: suction and ejection. During the suction phase, the diaphragm moves away from the orifice, thus increasing the volume of the cavity and subsequently decreasing the internal pressure. This decrease in pressure creates suction pressure resulting in the entrainment of low momentum fluid into the cavity. During the ejection phase, the diaphragm moves toward the orifice, resulting in the expulsion of fluid through the orifice and formation of a shear layer at the edge of the orifice. The shear layer rolls up to create a vortical structure that travels downstream because of its self-induced velocity. A series of such suction-ejection phases results in the formation of a train of vortical structures moving away from the orifice. The jet results from the formation and interaction of vortex rings or pairs. Consequently, net momentum is transferred to the surrounding fluid even though net mass flux is zero, and synthetic jets can be effective for enhancing mixing. The control system of synthetic jets can be constructed using small-scale equipments, because the jet can be generated without using external devices such as a compressor and complex piping, in contrast to the control system of vortex generator jets that can adaptively suppress flow separation for a time-varying flow. The strength of a synthetic jet can be varied by the changing voltage and excitation frequency of an actuator. Therefore, synthetic jets in a crossflow create effective separation control adaptively in a time-varying flow field. For separation control, it is necessary to clarify the periodic behavior of synthetic jets. To prevent separation and cause attachment of a separated flow by periodic excitation, it is necessary to identify the reduced frequency [8] . However, a detailed analysis of the effect of the excitation frequency on flow fields has not yet been performed by using synthetic jets to control a boundary layer. Existing experimental evidence shows that the interaction of the train of vortices produced by a circular synthetic jet having a boundary layer results in the formation of longitudinal vortical structures, which are capable of delaying flow separation by entraining faster-moving fluid from the crossflow to the near-wall region. At a higher velocity ratio and dimensionless stroke length, the vortex rings produced by synthetic jets can escape from the impact of the suction cycle and can hence emerge as complete rings. The vortex rings appear to be tilted relative to the wall. They are located outside the boundary layer and connected to the wall by means of a pair of counter-rotating legs [9] .
The effect of excitation frequency on synthetic jet actuation has been reported [10, 11, 12] . Although understanding the evolution and characteristics of synthetic jets is important in the development of their applications, the effect of the excitation frequency of a synthetic jet on the behavior of the vortex rings and the generation of a longitudinal vortex has not yet been clarified. For separation control, the suppression effect of synthetic jets may be affected by the behavior of the vortex ring because of their three-dimensional vortex structures. Furthermore, it is important to clarify the relationship between the periodic behavior of a synthetic jet and the generation of longitudinal vortices for issuing a jet into a crossflow. The present study investigates the effect of the excitation frequency f of a synthetic jet on the behavior of a vortex ring in quiescent flow. It also investigates the generation of a longitudinal vortex produced by the interaction between a jet and a crossflow. Moreover, the vortical structure of a synthetic jet deflected by a crossflow is also visualized. The synthetic jet in this study is produced by an acoustic source in a cavity. 
Nomenclature

Experimental Apparatus and Method
The experiments were carried out in a low-speed wind tunnel, and the experimental apparatus is shown in Fig. 1 . The test section inlet dimensions were 250 mm × 120 mm (W × H), and crossflow velocity U 0 was varied from 0 to 12 m/s. A jet orifice was located on the lower wall in the test section. The origin of X-, Y-, and Z-coordinates was defined as the location of the jet orifice center. The synthetic jet generator device primarily consisted of a loudspeaker, a function generator, and an amplifier. An oscilloscope was set to confirm waveform profiles. A synthetic jet was created by a loudspeaker attached under the test section as shown in Fig. 1 . Figure 2 shows the details of the synthetic jet device. The square cavity had width W c = 150 mm and height H c = 20 mm. The jet orifice had diameter D o = 2 mm and slot length H o = 8 mm. A diaphragm made from a 0.1-mm-thick aluminum sheet was attached to the top of the speaker, and a cavity was attached to the aluminum sheet. The speaker was driven by a square waveform from 30 to 200 Hz.
In the present experiment, the behavior of a synthetic jet issuing into a quiescent flow was characterized by three dimensionless parameters: dimensionless stroke length
based on the stroke length, and Stokes number S [13] .
The stroke length of a synthetic jet represents the length of a fluid column that is pushed out during an actuation cycle. The Stokes number is generally defined as (
It is found to determine the pressure losses because of friction as well as the entrance and exit flow in the orifice. Because the Stokes number is related to L and
/2π, only two of the preceding three dimensionless parameters are independent.
The importance of these three parameters can also be appreciated. The flow inside the cavity is dictated by counteraction of three forces: inertia, viscous, and unsteady force. Here, the unsteady force is the force generated because of the oscillating pressure field imposed by the oscillating diaphragm. The ratio of the inertia to unsteady force yields the dimensionless stroke length, justifying the importance of the dimensionless stroke length for parameterizing the jet if the inertia force overcomes the suction effect imposed by the unsteady force. Similarly, the ratio of the inertia to viscous force yields the Reynolds number and the ratio of the unsteady force to the viscous force yields the Stokes number, justifying the importance of these numbers for parameterizing the state of the jet as it comes out of the orifice. Note that the Stokes number is also an important parameter that affects the behavior of a synthetic jet through the strength of vortex roll up [13] . In the present study, for f = 60, 100 and 200 Hz, the stroke length, the Reynolds number, and the Stokes number were L = 25, 15 and 7.5, Re L = 6667, 4000 and 2000, and S = 10, 13 and 18, respectively. In addition, the behavior of a synthetic jet issuing into a given boundary layer is determined by jet-to-crossflow velocity ratio VR defined as VR = u o /U 0 where u 0 is the synthetic jet velocity. VR indicates the relative strengths of the jet and crossflow velocities, and it affects the trajectory of the vortical structures as they propagate through the boundary layer.
To investigate the behavior of a synthetic jet at the same flow rate for different frequencies, the jet flow rate was calculated by integrating the measured velocities at Y/D o = 2.5. Thus, a jet could be issued at the same flow rate for different frequencies. The time-averaged jet velocity during the entire cycle was measured by a single-wire probe, and the behavior of the jet was visualized in the case having no crossflow. The velocity was sampled by an AD converter at 10 kHz. The jet velocity measurements were carried out at Z = 0 mm and at equal intervals of 0.2 mm in the X-direction. Figure 3 shows the details of the flow visualization system and the coordinate system used to describe the flow field. Flow visualization was performed using a smoke method. In particular, the smoke method was used to observe the behavior of the jet. To capture the behavior of the vortex ring, titanium tetrachloride was dropped into the orifice exit. A high-speed camera (FASTCAM-1024PCI; Photron Ltd.) captured the smoke pattern produced by the jet. A Nd:YAG laser (PIV Laser G8000; Katoukouken Co.) served as the illumination source. To investigate the three-dimensional vortex structure of the jet in the crossflow, the flow was visualized from the side and top of the test section. In addition, the longitudinal vortices produced by the interaction between the jet and crossflow were visualized from the rear side of the wind tunnel by a smoke-wire method. In this method, a fine wire placed in the crossflow was coated with liquid paraffin to form a photogenic white fog. Tungsten wire having a diameter of 0.1 mm was used, and there was no significant influence of the flow field in the smoke-wire system. The smoke-wire orientation is depicted in Fig. 3 . The smoke streak lines originate in a Y = constant plane (at Y = 1 mm).
Results and Discussion
Jet mean-velocity profiles of the orifice exit
The jet mean-velocity profiles in the Y-direction for the several excitation levels and the steady jet are shown in Fig. 4 . The steady jet was studied to better understand the behavior of a synthetic jet compared to that of a conventional jet. In this experiment, the steady jet flow was delivered through a valve after accumulating air in a tank using a compressor. The velocity was normalized by the velocity u m at Y/D o = 2.5 and X/D o = 0. Figure 4 shows that for all cases, the velocity of the jet reduced as it moved downstream. Hence, it may be deduced that the jet widened because of entrainment of the surrounding fluid. The velocity profiles of the synthetic jet in Fig. 4 are similar to those of a free jet. In other words, the synthetic jet had the same velocity field as that of a free jet in the downstream area. However, for the synthetic jets, jet deceleration and entrainment of the surrounding fluid became significant as the distance in the Y-direction increased. The synthetic jets showed decay in their velocity profiles and growth in their jet widths compared to a free jet. For f = 60 Hz, the velocity profiles were elongated in the X-direction as the Y-position increased and contained sharp peaks in the near field of the orifice exit. In contrast, for f = 200 Hz, the velocity profiles did not contain a sharp peak, and for f = 100 Hz, the profiles indicated a disposition intermediate between the profiles for f =60 and 200 Hz. Figure 5 shows the half-width of the jets as a function of the Y-position. In particular, the half-width of the jet for f = 60 Hz was smaller than that for f = 200 Hz in the near field of the orifice exit. For f = 60 Hz, the half-width of the jet significantly increased at Y/D o = 12.5. In contrast, for the steady jet, the half-width of the jet gradually increased in the downstream (Y-) direction. It is known that an alternating net-zero-mass-flux flow through an orifice produces a synthetic jet. Such a jet produces a pair of roll-up vortices at the edge of the orifice during the ejection phase. The self-induced velocities of the vortex pair carry them away from the orifice; thus, they are not drawn back into the orifice during the suction phase. These vortex pairs accumulate outside the orifice and induce a mean jet flow. To investigate the differences in the jet velocity field in the downstream area created by jets having different excitation levels, the vortex ring behavior was visualized by synchronizing the actuation of the synthetic jet.
Synthetic jet in a quiescent flow
Understanding the dynamics of vortex rings is crucial for flow control dealing with flow phenomena in various engineering applications. This section focuses on the vortex rings that influence the performance of a synthetic jet issuing into quiescent air from a Fig. 7 (a) . The vortex ring broke down via wavy deformation and stretched in the Y-direction. The Y-position where the vortex broke down agrees with the position where the half-width of the jet velocity increased significantly (Fig. 5) . The mixing of a jet with ambient air was enhanced as the vortex ring advected away from the orifice. For f = 200 Hz, the vortex rings showed wavy movements in the azimuthal direction, and therefore the jet velocity profiles did not have sharp peaks in the near field of the orifice exit, as mentioned earlier (Fig. 4 (c) ). Figure 7 shows that vortex roll-up was observed at the orifice exit for both cases. The extent of vortex roll-up is affected by the magnitude of the Stokes number [13] . At the maximum of the ejection phase, a vortex pair associated with strong rotational motion was formed at the orifice exit. The vortex roll-up was accompanied by entrainment of ambient fluid into the vortex core. During the cycle, the vortex pair propagated downstream progressively along the central region of high velocity. For f = 60 Hz, Fig. 7 (a) shows that the vortex ring became deformed and elongated in the Y-direction at T′ = 0.3, i.e., after this time, the vortex ring broke down for f = 60 Hz. In contrast, for f = 200 Hz, the vortex ring did not elongate and a deformed vortex ring was not observed near the orifice exit. 
Synthetic jet in a crossflow
To achieve a better understanding of the vortical structures responsible for the production of a longitudinal vortex that delays separation, flow visualization images from the top and side views were obtained downstream of the orifice. Figures 8 and 9 show the visualization of a synthetic jet emanating into a crossflow by using the smoke method. The boundary layer thickness was 20 mm (Y/D o = 10) and crossflow Reynolds number Re f based on the thickness was 2610 at the location of the jet orifice. The scale depicted in these figures indicates the distance in the X-or Y-direction to aid in the understanding of the vortex scale.
For f = 60 Hz, a counter-rotating vortex pair, marked by the oval in Fig. 8 (a) , was observed in the vicinity of the orifice. In general, the interaction between a jet and a crossflow generates a longitudinal vortex, and it has a dominant role in entraining fluid from the surroundings. The occurrence of a longitudinal vortex indicates that the flow has large-scale three-dimensional structure. For f = 60 Hz, the smoke flow showed such large-scale structure in the downstream region. The vortex flow marked by the smoke expanded in the Y-direction and vortex growth was promoted in the downstream direction ( Fig. 8 (b) ). In contrast, for f = 200 Hz, the vortex rings traveled downstream, and stretching and merging of vortex rings occurred (Fig. 9 (a) ). Periodically generated vortex rings merged with neighboring vortex rings in the downstream direction because the vortex rings were enhanced by strong perturbations owing to larger Strouhal number for f = 200 Hz (St = 0.88) than for f = 60 Hz. A significant difference existed between the flow fields created by the f = 60 and 200 Hz synthetic jets emanating into the crossflow. For f = 60 Hz, the vortex ring was not observed in the near field of the orifice exit. However, for f = 200 Hz, the propagated vortex rings were observed further downstream.
The jet issued into a crossflow was deviated downstream in the direction of the crossflow. Similar to a jet issuing into a crossflow, the process of generating a vortex is divided into three distinct zones [14] . In zone I, referred to as the zone of residual inlet velocity, the external fluid starts to be entrained by the jet. This zone is characterized by the circumferential part of the jet participating in the mixing, with the remainder forming the potential core where the axial velocity remains constant. When the maximum axial velocity begins to decrease, zone II, known as the zone of maximum deflection, is reached. This zone is characterized by the following properties: the curvature of the jet increases and the entire section participates in turbulent mixing. The vortex does not sufficiently develop in the potential core region and the zone of maximum deflection. Then, the vortex develops in zone III, called the vortex zone. These three regions were observed for the synthetic jet issuing into the crossflow during one ejection period for f = 60 Hz, marked by the circle in Fig. 8 (b) . The jet was deflected along the outer edge of the boundary layer, and the vortex flow traveled downstream. However, for f = 200 Hz, the three regions did not appear, and the vortex rings passed through the boundary layer. 
Flow fields in the Y -Z Plane for synthetic jet in a crossflow
For a conventional transverse jet, the injected fluid becomes progressively more diluted as it moves away from the orifice. The prominent feature of the flow field is that the jet is deflected in the direction of the crossflow as the jet's cross section becomes dominated by a pair of counter-rotating vortices. To investigate the instantaneous and averaged vortical motion in a transverse synthetic jet, flow visualization and hot-wire anemometry were performed. The averaged vortical field in the Y-Z plane was also measured by an X-type hot-wire probe supported by a three-axis computer-controlled traverse unit. Rear-view flow visualization was also performed using the smoke-wire method. Sheet light illuminated the side in the Y-Z plane, and a high-speed digital video camera captured time sequential flow patterns produced by the release of the synthetic jet into the crossflow. For f = 60 Hz, Fig.  10 (a) shows the rolled-up smoke flow and a counter-rotating vortex pair. For f = 200 Hz, Fig. 10 (b) shows a vortex ring moving in the vertical direction.
The vortices resulting from the interaction between the synthetic jet and the crossflow were deformed in the downstream direction. Streamwise vorticity ω x is given by
where V and W indicate the velocity in the Y-and Z-directions, respectively. In the present study, the vorticity was defined as positive for vortices of clockwise rotation as viewed from upstream. The vorticity was calculated from the velocity in the Y-Z plane measured at equal intervals of 0.5 mm in both Y-and Z-directions. Figure 11 shows the ensemble averaged velocity vectors and density maps of vorticities in the Y-Z plane for a synthetic jet issuing normally into the crossflow during the entire cycle. A pair of positive and negative vortices was aligned near the orifice. There was a difference in the strength and vertical position of the positive and negative vortices because the vortex ring generated by the synthetic jet issuing into quiescent air caused wavy deformation and stretching in the Y-direction (Fig.  6 ). For f = 60 Hz, three-dimensional deformation of the vortices occurred at X/D o = 2.5 and was promoted in the downstream direction. In contrast, for f = 200 Hz, three-dimensional deformation did not occur, but vertical movement of the vortices was observed in the downstream direction. For f = 60 Hz, the interaction between the synthetic jet and the crossflow was effective, and longitudinal vortices existed at a lower vertical position because the crossflow did not cause the jet to deviate further from the lower wall. For f = 200 Hz, the synthetic jet passed through the boundary layer, and longitudinal vortices were not generated in this layer. The phase-locked measurements were carried out during an actuation cycle to better understand the deformation of the jet issuing into a crossflow. Figure 12 shows the phase-locked flow fields in the middle of the ejection phase. Phase-locked flow field measurements are used to identify vortex structure. The data acquisition system in hot-wire anemometry was operated in phase synchronization with the movements of a vibrating diaphragm of the synthetic jet actuator. For f = 60 Hz, the vertical deformation of vortices started at X/D 0 =1. The deformation was promoted and three-dimensional deformation occurred in the downstream direction. At X/D 0 =5, two counter-rotating vortex pairs were observed. A vortex ring produced by a synthetic jet appears to be tilted relative to the wall. The vortex ring is located outside the boundary layer and connected to the wall via a pair of counter-rotating legs (trailing legs), marked by the circle in Fig. 8 (b) , in a transverse synthetic jet. For f=60 Hz, the vortices resulting from the interaction between the synthetic jet and the crossflow were deformed in the downstream direction, and the two counter-rotating vortex pairs originated by the tilted vortex ring and the trailing legs were generated. The two counter-rotating vortex pairs can also be observed by the instantaneous image of flow field in the Y-Z plane shown in Fig. 10 (a) . This three-dimensional deformation could not be confirmed for f = 200 Hz in phase-locked measurements. 
Conclusions
The external flow field of a synthetic jet was studied using hot-wire anemometry and visualization of a smoke method. The current work has focused on the effect of excitation frequency of a synthetic jet on the behavior of a vortex ring and the generation of a longitudinal vortex. An acoustically driven cavity converted acoustic energy into a synthetic jet flow. At sufficiently high levels of excitation by the acoustic source, a mean stream of flow emanated from the orifice. Because no mass was added to the system, the mean streamlines formed a closed recirculation. In addition, the effect of excitation frequency on the generation of longitudinal vortices by the interaction between the synthetic jet and crossflow was investigated. The results are summarized as follows: 
